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ABSTRACT
Context. Events such as GRB 130606A at z = 5.91, offer an exciting new window into pre-galactic metal enrichment in these very
high redshift host galaxies.
Aims. We study the environment and host galaxy of GRB 130606A, a high-z event, in the context of a high redshift population of
GRBs.
Methods. We have obtained multiwavelength observations from radio to gamma-ray, concentrating particularly on the X-ray evolution
as well as the optical photometric and spectroscopic data analysis.
Results. With an initial Lorentz bulk factor in the range Γ0 ∼ 65-220, the X-ray afterglow evolution can be explained by a time-
dependent photoionization of the local circumburst medium, within a compact and dense environment. The host galaxy is a sub-DLA
(log N (H I) = 19.85 ± 0.15), with a metallicity content in the range from ∼1/7 to ∼1/60 of solar. Highly ionized species (N V and Si
IV) are also detected.
Conclusions. This is the second highest redshift burst with a measured GRB-DLA metallicity and only the third GRB absorber with
sub-DLA HI column density. GRB ’ lighthouses’ therefore offer enormous potential as backlighting sources to probe the ionization
and metal enrichment state of the IGM at very high redshifts for the chemical signature of the first generation of stars.
Key words. gamma-ray burst:general
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1. Introduction
It has been recently suggested (Cooke et al. 2011a) that very
metal-poor damped Lyman-alpha (DLA) systems (regions of
high column density of neutral gas at high redshifts (Wolfe et al.
2005)) could bear the chemical signature of the first generation
of stars (Population III stars, Bromm et al. (2009)) born a few
hundred million years after the Big Bang. Indeed, it has been
suggested that metal-free regions persist to values of z ≤ 6, al-
lowing Pop III stars with masses in the range 140-260 solar
masses to be observed as pair-production instability supernovae
(Scannapieco et al. 2005), although a core-collapse (Type II) su-
pernova instead is also plausible (Wang et al. 2012). In spite of
the fact that no GRB has so far been firmly associated with a
Pop III collapse yet, the high z values found for several GRBs
reinforce the potential of GRBs to provide bright background
sources to illuminate the early intergalactic medium at a time
when quasars were too rare and dim to serve this purpose.
A ∼275 s cosmic gamma-ray burst (GRB 130606A) was
recorded by Swift and KONUS-Wind on 6 June 2013, 21:04:34
U.T. (T0) (Barthelmy et al. 2013; Golenetskii et al. 2013), dis-
playing a bright afterglow (the emission at other wavelengths
following the gamma-rays) in X-rays, but no apparent opti-
cal transient emission (Ukwatta et al. 2013) in the range of the
UVOT telescope aboard Swift. The TELMA 0.6m diameter tele-
scope at the BOOTES-2 station automatically responded to the
alert and an optical counterpart was identified (Jelinek et al.
2013), thanks to the spectral response of the detector up to 1
µm, longer than that of Swift/UVOT (0.17-0.65 µm).
The detection of the afterglow at BOOTES-2/TELMA
prompted spectroscopic observations with the 10.4 m Gran
Telescopio Canarias (GTC) starting 1.4 hr after the event, which
revealed a very distant explosion at a very high redshift (z ∼ 6)
(Castro-Tirado et al. 2013a), a value later refined to z = 5.9135
± 0.0005 (Castro-Tirado et al. 2013b), when the Universe was
only ∼950 million years old.
In this work we provide details (Section 2) of the optical
imaging and spectroscopic observations beginning a few min-
utes after the onset of this distant explosion, as well as publicly
available γ/X-ray data from the Swift satellite, complemented
with additional millimetre observations. Results are presented in
Section 3 and conclusions in Section 4.
2. Observations
2.1. Optical Observations
2.1.1. Photometry
Early time prompt optical observations were carried out
by the Watcher telescope starting on June 6, 21:06:49 U.T.,
i.e. ∼ 135 s after the first Swift/BAT trigger (T0 = 21:04:34
UT). The BOOTES-2/TELMA observations, which resulted in
the optical afterglow discovery, started on June 6, 21:17:33
U. T., i.e. ∼660 s after the first Swift/BAT trigger. The
Watcher observations partially cover the second Swift/BAT peak.
Additional Johnson R and V–band images were acquired with
the 1.23m telescope of Calar Alto (CAHA) observatory, Spain.
Late epoch optical observations were obtained with the 0.7m
Abastumani Observatory, the AZT-11 (1.25m) telescope at SRI
Crimean Astrophysical Observatory, the T100 (1m) telescope
at T ¨UBITAK National Observatory, the 1.5m OSN telescope
at Observatorio de Sierra Nevada and with the 10.4m Gran
Telescopio Canarias (GTC) equipped with the OSIRIS imaging
spectrograph (Fig. 1). Optical photometry is based on isophotal
corrected photometry by IRAF/PHOT31 against standard refer-
ence Landolt fields imaged at the 1.5m OSN telescope in order
to provide reference stars in the field (Table 1). The photometric
results of the afterglow are tabulated in Table 2.
2.1.2. Spectroscopy
Starting 1.3 hr post-burst, optical spectra were obtained on
6 June 2013 with the 10.4m GTC using the R1000B and R500R
grisms (1× 450 s exposures) and R2500I (2× 1,200 s exposures)
of the OSIRIS imaging spectrograph. The later one provides a
nominal resolution of ∼ 120 km s−1. The log is given in Table 3.
The 1” wide slit was positioned on the location of the tran-
sient source and a 2 × 2 binning mode was used. The GTC
spectra were reduced and calibrated following standard proce-
dures using custom tools based on IRAF and Python. Standard
spectrophotometric stars used for flux calibration were Feige 92
for observations for the R1000B grism and Ross 640 for the
prisms R500R and R2500I, taken the same night. All spectra
were scaled in flux to correct for slit losses using the photometry
of the corresponding acquisition images. The final wavelength
calibration is on a vacuum scale, appropriate for the application
of rest-frame UV atomic data.
2.2. Near-IR observations
Near-IR bservations were conducted on July 22 at the 3.5m
telescope (+OMEGA 2000) at the German-Spanish Calar Alto
(CAHA) Observatory, with a 5,400s overall exposure time in the
H-band. The photometric calibration is based on the observa-
tion of the standard S889-E (Persson et al. 1998) and the result
is given in Table 2 at an airmass similar to the GRB field.
2.3. Millimetre observations
Target-of-Opportunity millimetre observations were car-
ried out at the Plateau de Bure Interferometer (PdBI)
(Guilloteau et al. 1992). It was pointed to the GRB 130606A
location on two occasions in its compact 6 antenna configura-
tion. The millimetre counterpart was detected 3.30 days after the
GRB onset with a high (∼10) S/N ratio, on the phase center co-
ordinates (J2000, R.A. = RA: 16:37:35.13; Dec: +29:47:46.5).
The results of UV-plane point source fits to the phase center are
given in Table 4.
The millimetre afterglow was detected with a flux density of
∼1.5 mJy at 3 mm, confirming the detection earlier reported at
centimetre wavelengths (Laskar et al. 2013). The source became
undetectable by June 14.
2.4. X-ray observations
The Swift X-ray Telescope (XRT) started collecting data in
window timing mode (WT) ∼ 60s after the initial BAT trigger on
June 6 at 21:05:35 UT, switching to photon counting mode (PC)
after ∼ 500s. The position of the source was monitored up to ∼
3 × 105 s post-trigger. The data were processed using the Swift
software v.2.6. A cleaned event file was generated using the de-
fault pipeline, which removes the effects of hot pixels and Earth
brightness. From this cleaned event list, the source and back-
ground light curves and spectra were extracted from a region of
20 using xselect. In general, no pile-up was found in either the
WT or the PC data. The data have been fit using a fixed Galactic
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Fig. 1. The colour composite image of the field around
GRB 130606A and reference stars in the line of sight. Upper
panel: The highly reddened GRB afterglow (circled) and the sur-
rounding field, based on gri images obtained at the 10.4m GTC
on June 7, 2013. The field of view is 3.8 × 2.8 arcmin2. Lower
panel: Reference stars for photometric calibration in the field
around GRB 130606A (Table 1). The field of view (r-band im-
age) is 6.8 × 5.0 arcmin2.
column density at 2 × 1020 cm−2 and a varying column density
in the rest frame in the range 2-6 × 1022 cm−2.
3. Results
Hereafter we consider H0 = 73 km s−1 Mpc−1, ΩΛ= 0.73 Ωm =
0.27. At the redshift of z = 5.9135 (see below), the light travel
time was 12,350 Gyr, the age of the Universe at this redshift was
0.95 Gyr and the luminosity distance is 56,365 Mpc.
3.1. The initial bulk Lorentz factor
The 0.6m BOOTES-2/TELMA and 1.23m CAHA colours show
clear signs of a high-redshift dropout (V-R>2.2 in the CAHA
case). From the optical light curve depicted in Fig. 2, the op-
tical flux (Fopt ∝ tα) exhibits a rising phase toward an opti-
cal maximum at ∼ 7.5 minutes after the BAT trigger. A ris-
ing temporal index α1 ∼ 1.2 and decaying temporal index of
α2 ∼ -1.25 are derived, with a break around t ∼ 450 s. The
interstellar medium (ISM) case predicts the rising index to be
Fig. 2. The GRB 130606A prompt gamma-ray emission and
the multiwavelength afterglow evolution. The Swift/BAT light
curve shows a double-peaked structure with the initial peak
lasting ∼10 s and a brighter second peak at T0+150 s of ∼
20 s duration. The gamma-ray lightcurve is compared with
the multiwavelength (X-ray, optical) GRB 130606A afterglow
lightcurves. Significant temporal (and spectral) evolution is no-
ticeable in the XRT data. The lower panel shows the rising
optical afterglow lightcurve based on Watcher data, prior to
the well sampled decay, based on the data gathered by BART,
BOOTES-2/TELMA, 0.7m AO, T100, 1.23m CAHA, AZT-11,
1.5m OSN and 10.4m GTC (Table 1), complemented with other
data published elsewhere (Afonso et al. 2013; Butler et al. 2013;
Virgili et al. 2013). The observations were carried out in differ-
ent optical wavebands (R, r , i, z) or clear (meaning unfiltered)
and the initial bulk Lorentz factor to be determined. 1σ error
bars are plotted.
∼ 2 whereas a wind profile (WIND) case predicts it to be ∼
0.5 (Panaitescu and Vestrand 2011). These values have not been
seen in many of the observed cases at early times, possibly due
to the early emission being a combination of multiple com-
ponents such as early time energy injection. Using Eq. 4 of
Rykoff et al. (2009) and for s ∼ 4, the peak time tpeak is ∼ 350 s.
Assuming that the early optical emission is the onset of the for-
ward shock emission, the value of tpeak in the rest frame can be
used (i.e. tpeak/(1+z)) to calculate the initial bulk Lorentz factors
for the ISM and WIND cases for the GRB environment, follow-
ing Melandri et al. (2010). We also consider the isotropic energy
released in GRB 130606A (at z ∼ 5.91) to be 28.3 ± 0.5 in units
of 1052 ergs (Golenetskii et al. 2013). Thus, for E52 ∼ 28.3 and
tpeak ∼ 350 s, the bulk Lorentz factor in the ISM case is Γ0 ∼ 185,
whereas in the case of WIND, Γ0 ∼ 65. Γ0 can be also estimated
from Ghirlanda et al. (2012), giving Γ0 ∼ 160 for the ISM case
and Γ0 ∼ 70 for the WIND case. Using the statistical relations
from Liang et al. (2010) and Lu¨ et al. (2012), we find Γ0 ∼ 185
3
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Fig. 3. The GRB 130606A Swift/BAT and Swift/XRT spectrum.
A simple power-law function (black line) yields a formally ac-
ceptable fit (χ2 /d.o.f. = 1.29). The inclusion of a thermal com-
ponent provides negligible improvement (χ2 /d.o.f. = 1.26). 1σ
error bars are shown.
Fig. 4. X-ray light curve for the GRB 130606A afterglow and
variations in the power-law index and column density as a func-
tion of time. Upper panel: The X-ray afterglow light curve.
Middle panel: The decrease of the column density as the
gamma/X-ray emission decreases. Lower panel: The variation
of the power-law index Γ with respect to the X-ray luminosity
showing that the spectrum gets progressively harder as the flux
increases. 1σ error bars are shown.
and ∼ 220 respectively for the ISM and WIND cases. The post-
peak data of the optical light curve exhibits a temporal decay
index αopt ∼ 1.3 along with a superimposed variability.
Fig. 5. The GRB 130606A X-ray afterglow and variations in the
power-law index and column density. The variation of the NH
column density (squares with red bars) with respect to the X-ray
luminosity (black dots). 1σ error bars are shown.
3.2. Temporal and spectral evolution during the Swift
observation
Swift/XRT observations showed a high hydrogen column den-
sity decreasing with time, which can be interpreted as a time-
dependent photoionization of the local circumburst medium,
within a compact and dense environment, as found in only a few
cases.
The XRT light curve (Fig. 2) reveals noticeable variations in
the observed count rate that can be divided into 4 segments. The
results from the time resolved spectral analysis from the X-ray
emission of GRB 130606A are given in Table 5. The dependence
of the flux on frequency, ν, and time t, is described through this
section and in Table 5 by Fν ∝ ν−β t−α where β = Γ 1. Thus, we
find the following distinct episodes:
I) Beginning of XRT observations up to ∼ T0+759 s. This
segment is dominated by flaring activity from internal shocks
as part of the prompt emission. The combined Swift/BAT-XRT
X-ray spectrum in the interval T0 + 155s to T0 + 175s can be
fit using a simple absorbed power law model (χ2/d.o.f. = 1.29),
and the addition of a thermal component has negligible effect
(χ2/d.o.f. = 1.26). The best fit model (Fig. 3) has a hydrogen
column density (4 ± 2) × 1022 cm−2 and a photon index Γ = 1.03
± 0.02.
II) T0+759 s to T0+1300 s. This is characterised by a fast de-
cay with temporal index, αX=3 ± 1, consistent with high-latitude
emission (Genet and Granot 2009) at the end of the prompt
emission (αX= 2+βX), where αX = 0.62 ± 0.09.
III) T0+1300 s to T0+1.6 × 104 s. During this segment, the
X-ray count-rate decay is consistent with a temporal decay index
of αX =0.66 ± 0.20. This plateau phase is typically associated
with late activity from the central engine (Zhang 2007). The end
of this plateau phase at T0+1.6 × 104 s seems to be achromatic
when comparing the X-ray and i-band light curves (Fig. 2) as
expected at the end of late activity from the central engine. The
closure relations modified with an energy injection parameter, q
(Zhang et al. 2006), are consistent with an homogeneous envi-
ronment (ISM) with q = 0.5 ± 0.4 when νx < νc. This value is
consistent with previous measurements of q (Zhang et al. 2006;
Curran et al. 2009). The electron spectral index inferred dur-
ing this segment is p = 2.84 ± 0.30, consistent within 1σ with
the distribution of values of p presented by Curran et al. (2010)
and Starling et al. (2008). The wind model when νx < νc with
4
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Fig. 6. The 10.4m GTC spectrum ∼ 6 hr post-burst. This is the highest resolution spectrum taken for GRB 130606A by GTC, with
the R2500I grism (see Table 3 for details). The noise spectrum (dotted line) is also plotted. Intervening systems at redshifts z = 2.310
(blue), 2.521 (magenta), 3.451 (green) besides that (a sub-DLA) of the GRB 130606A host galaxy at z = 5.913 (red) are plotted.
Strong absorption by intergalactic hydrogen in the line of sight is causing the apparent low optical flux observed in the Lyman-α
forest region (below 8,400 Å).
late energy injection is rejected for GRB 130606A since the q-
parameter inferred is q < 0 which does not have physical mean-
ing. The cases when νx > νc in the ISM or wind model are also
rejected since result in p < 2 for which the closure relations are
no longer valid. Finally, the optical temporal decay index αopt ∼
1.3 is consistent with αX during this time interval.
IV) T0+1.6 × 104 s to T0+3 × 105s. In this segment, the de-
cay (αX =1.86 ± 0.20) is consistent with forward shock emission
when νx < νc. The closure relation between the temporal and
spectral index in the case of an ISM model for νx < νc is α= 3β/2
= 1.55 ± 0.30 consistent with the observed αX . For a wind envi-
ronment, the relationship can be re-written as α=(3β+1)/2=2.03
± 0.30 which is also consistent with the observed temporal de-
cay. However, the wind environment was tentatively rejected in
the previous segment and may not be necessary to explain the
afterglow emission of GRB 130606A. The electron spectral in-
dex obtained in this segment is, p = 3.0 ± 0.4. This value is
consistent with the electron spectral index inferred in the previ-
ous segment. It should be noted that during this segment there
seems to be small variability in the X-ray light curve in the form
of a micro-flare peaking at ∼ T0+4 × 104 s. As shown in Fig. 4
GRB 130606A shows significant variation in the photon index, Γ
and NH column density throughout the X-ray observations. The
variation of Γ with respect to the X-ray luminosity shows that
the spectrum gets progressively softer as the flux decreases.
The intrinsic column density NH is well constrained while
the central engine remains active (first 500 s since trigger) im-
plying high levels of photoionization of the local high-density
medium. During this time, the observed intrinsic NH is almost 3
orders of magnitude higher than the galactic column density at
these coordinates. Once the prompt emission ends, the intrinsic
NH decreases abruptly and no excess with respect to the galactic
Fig. 7. The N (H I) fit to the GTC (+ OSIRIS) spectrum of
GRB 130606A. Taken on June 7, 2013, the figure shows the data
(black solid line) and the best fit damped profile (solid red line).
The derived column density is log N (H I) = 19.85, together with
the fits for log N (H I) = 19.70 and 20.00 (dashed red lines).
value can be found for the remainder of the X-ray observations.
This can be interpreted as a time-dependent photoionization of
the local circumburst medium, within a compact and dense en-
vironment, only found in a few GRBs such as GRB 980329
(Lazzati 2002) and GRB 000528 (Frontera et al. 2004).
3.3. The GRB 130606A sub-DLA host galaxy
In order to determine the neutral hydrogen content at the GRB
host galaxy redshift, the Lyman-alpha line observed in the GTC
optical spectrum (Fig. 6) was fitted with a damped profile and
a value of log N (H I) = 19.85 ± 0.15 was derived (Fig. 7), in
5
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good agreement with two independent data-sets (Chornock et al.
2013; Totani et al. 2013). The associated system is therefore
technically classified as a sub-DLA.
Besides structure in the Lyman forest region (discussed in
Chornock et al. (2013)), the GTC optical spectrum shows a va-
riety of absorption lines at different redshifts (e.g. 2.310, 2.521,
3.451), but we will concentrate on the GRB 130606A system at
z = 5.9135 that is associated with the host galaxy.
The high signal-to-noise ratio (SNR) of the GTC spec-
trum permitted a search for relatively weak metal lines, and
offers an improvement over some of the limits measured by
Chornock et al. (2013).
In the case of sulphur, the triplet at 1250, 1253, 1259 Å can
be used. Significant absorption is detected at the position of the
weakest of these three lines (1250 Å), but the lack of absorption
at 1253 Å indicates that the absorption is likely from a con-
taminating source. Based on the non-detection of the S II 1253
Å line, we determine an observed frame 3 σ EW limit < 0.157
Å (assuming a FWHM = 3.4 Å and a S/N of 65 in the S II line
region) which corresponds to 0.023 Å in the rest frame. The
rest-frame EW limit yields log N(S II) < 14.17. Assuming N(H
I) = 19.85 and solar S/H = 4.85 (from Asplund et al. (2009)) this
gives a 3σ upper limit [S/H] < -0.82, which is 0.3 dex (a factor
of ∼ 2) deeper than the sulphur limit obtained by Chornock et al.
(2013).
In addition to the upper limit to the sulphur abundance, we
can determine lower limits to the abundances of oxygen and
silicon. The limiting silicon abundance is determined from the
mildly saturated Si II 1260 Å line with a rest frame EW=0.35
Å, yielding [Si/H]> -1.80, without consideration of ionization or
dust depletion corrections. The oxygen abundance is determined
from the O I 1302 Å line, which is also likely to be partly sat-
urated despite its modest EW (0.2 Å). The fact that O I doesn’t
require an ionization correction and O does not deplete, means
that this is one of the best lines from which to obtain an accu-
rate metallicity. The major uncertainty here is that it is close to a
small noise feature on the red side which might lead to an over-
estimate of the oxygen abundance at the 0.1 dex level. Taking
these factors into account, we determine [O/H]> −2.06. The Si
and O limits are consistent to within 0.1 dex of the values in-
dependently derived (from different spectra) by Chornock et al.
(2013). Combined with the upper limit from sulphur, we can
constrain the metallicity within a factor of about 10, in the range
from ∼1/7 to ∼1/60 of solar.
For a more comprehensive study of the abundances, we re-
fer to Hartog et al. (2013). Furthermore, we also point out that
it is very likely that the gas is partially ionized: strong high-
ionization lines (such as Si IV and N V) are present at the redshift
of the absorber.
4. Conclusions
With an initial Lorentz bulk factor in the range Γ0 ∼ 65-220, the
X-ray afterglow evolution can be explained by a time-dependent
photoionization of the local circumburst medium, within a com-
pact and dense environment. The host galaxy is a sub-DLA (log
N (H I) = 19.85 ± 0.15), and a metallicity content in the range
from ∼1/7 to ∼1/60 of solar is inferred.
In order to place the chemistry of the GRB sub-DLA in con-
text with other high z absorbers, both Fig. 8 and Fig. 9 show
the metallicity of a compilation of GRB host galaxy absorption
systems (GRB-DLAs) compared to quasars with DLA and sub-
DLAs (QSO-DLAs) , combining the data reported in the litera-
Fig. 8. The metallicity ([X/H]) as a function of redshift is shown
for a compilation of QSO-DLAs (circles) and GRB-DLAs (stars,
Schady et al. (2011); Tho¨ne et al. (2013)), including the loca-
tion for GRB 130606A at z = 5.9 (blue error bar) and ULAS
J1120+0641 at z ∼ 7 (Simcoe et al. 2012). The GRB 130606A
sub-DLA is the 2nd highest redshift burst with a measured GRB-
DLA metallicity and only the third GRB absorber with sub-DLA
HI column density. Blue colours are used for log N(HI) < 20.3
and red is used for log N(H I) ≥ 20.3. In order of preference
for any given absorber, Zn, S, O, Si, Fe+0.4 dex is our choice
of metallicity indicator, where the 0.4 offset for Fe accounts for
typical dust depletion.
Fig. 9. The metallicity of a GRB sample (green stars) versus N(H
I) compared to a sample of DLAs (black dots). Adapted from
Schady et al. (2011) and Tho¨ne et al. (2013). The location for
GRB 130606A (green error bar) is also plotted.
ture (Schady et al. 2011; Tho¨ne et al. 2013). The GRB 130606A
sub-DLA is a rare find: the second highest redshift burst with
a measured GRB-DLA metallicity and only the third GRB ab-
sorber with sub-DLA HI column density. At z > 5, the only other
object known with lower metallicity is the ULAS J1120+0641
DLA at z ∼ 7 (Simcoe et al. 2012). However, the DLA towards
ULAS J1120+0641 is close to the redshift of the quasar and its
metallicity is determined from a stacked spectrum, both of which
complicate its interpretation (Ellison et al. 2010, 2011).
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We note that GRB 130606A, given the non-zero metal con-
tent of the host, might have originated from a non-Pop III pro-
genitor star, but whether its afterglow light penetrated material
that was pre-enriched by Pop III nucleosynthesis at even higher
redshifts (Wang et al. 2012) remains uncertain. Indeed several
possibilities for the death of the first stars have recently been
suggested by theoretical models (Bromm 2013).
Events such as GRB 130606A at z = 5.91, and future ones at
z > 10, offer an exciting new window into pre-galactic metal
enrichment in these very high redshift galaxies. These bright
lighthouses constitute a significant step forward towards using
these sources as beacons for measuring abundances at such early
times.
New GRB missions, equipped with on-board near-IR de-
tectors, and coupled to state-of-the-art instruments built for the
largest diameter ground-based telescopes, such as the forthcom-
ing CIRCE instrument (Eikenberry et al. 2013) on the 10.4m
GTC, will allow us to study the first stars that fundamentally
transformed the Universe only a few hundred million years after
the Big Bang.
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Table 1. Reference stars in the field of GRB 130606A.
N R.A.(J2000) Dec(J2000) R-band mag I-band mag H-band mag
1 16 37 33.7 +29 48 19.0 18.04 ± 0.11 16.36 ± 0.02 14.54 ± 0.05
2 16 37 28.4 +29 47 05.6 16.97 ± 0.07 15.71 ± 0.02 13.95 ± 0.04
3 16 37 31.9 +29 46 53.6 16.41 ± 0.05 16.12 ± 0.02 15.31 ± 0.05
4 16 37 39.4 +29 49 05.6 16.22 ± 0.05 15.88 ± 0.02 15.07 ± 0.05
5 16 37 31.0 +29 49 36.4 17.65 ± 0.09 17.03 ± 0.03 −−
6 16 37 40.4 +29 48 03.4 18.62 ± 0.14 18.21 ± 0.04 17.38 ± 0.06
7 16 37 39.5 +29 46 07.7 15.99 ± 0.04 15.66 ± 0.02 −−
8 16 37 26.6 +29 47 34.5 14.57 ± 0.02 14.24 ± 0.02 13.54 ± 0.04
9 16 37 44.8 +29 48 25.3 13.11 ± 0.02 12.82 ± 0.02 −−
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Table 2. Optical and near-IR observations gathered at several astronomical observatories worldwide. RVIH-band magnitudes are
given in the Vega system whereas clear and Sloan-filter magnitudes are given in the AB system. Not corrected for Galactic extinction.
Start Time (JD) a Magnitude Filter Telescopeb
2456450.379734 17.99 ± 0.11 clear 0.4m Watcher
2456450.381019 17.55 ± 0.08 clear
2456450.381273 17.76 ± 0.10 clear
2456450.381528 17.04 ± 0.06 clear
2456450.386308 16.99 ± 0.10 clear
2456450.391528 17.38 ± 0.14 clear
2456450.382210 > 16.5 R 0.25m BART
2456450.38575 18.30 ± 0.40 R
2456450.385800 16.73 ± 0.34 i 0.6m TELMA
2456450.387112 17.16 ± 0.16 i
2456450.388424 17.10 ± 0.13 i
2456450.389742 17.18 ± 0.12 i
2456450.391053 17.59 ± 0.20 i
2456450.392371 17.70 ± 0.20 i
2456450.393677 17.32 ± 0.16 i
2456450.395124 17.42 ± 0.16 i
2456450.396963 17.56 ± 0.15 i
2456450.399062 17.38 ± 0.15 i
2456450.401339 17.99 ± 0.21 i
2456450.403521 18.04 ± 0.24 i
2456450.406057 18.29 ± 0.21 i
2456450.408959 18.61 ± 0.30 i
2456450.514739 17.49 ± 0.15 Z 0.6m TELMA
2456450.537466 17.56 ± 0.16 Z
2456450.560270 17.93 ± 0.15 Z
2456450.583792 17.84 ± 0.16 Z
2456450.606892 17.89 ± 0.17 Z
2456450.629280 18.32 ± 0.26 Z
2456450.651610 18.37 ± 0.31 Z
2456450.392159 18.75± 0.03 R 1.23m CAHA
2456450.395772 18.99 ± 0.04 R
2456450.399383 19.26 ± 0.06 R
2456450.403071 >21.5 V 1.23m CAHA
2456450.408137 18.84 ± 0.05 clear 0.7m AO
2456450.410694 18.86 ± 0.04 clear
2456450.413241 18.95 ± 0.05 clear
2456450.415799 19.16 ± 0.06 clear
2456450.416655 21.08 ± 0.38 R 1.25m AZT-11
2456450.447046 20.58 ± 0.07 R 1.0m T100
2456450.451171 20.71 ± 0.07 R
2456450.455296 20.51 ± 0.07 R
2456450.459379 20.60 ± 0.08 R
2456450.463463 20.86 ± 0.09 R
2456450.582700 >25 g 10.4m GTC
2456450.583935 21.73 ± 0.07 r 10.4m GTC
2456450.120092 22.00 ± 0.07 r
2456450.429560 19.27 ± 0.05 i 10.4m GTC
2456450.584792 20.53 ± 0.05 i
2456450.621551 20.83 ± 0.05 i
2456450.585938 18.14 ± 0.08 z 10.4m GTC
2456450.622558 18.42 ± 0.08 z
2456451.480060 >22.1 I 1.5m OSN
2456496.462500 >21.5 H 3.5m CAHA
Notes. (a) Values measured since 21:04:34 UT June 6, epoch of the first Swift/BAT trigger time (Julian Date (JD) is 2556450.378171)
(b) 0.4m Watcher is the 0.4m telescope in Boyden Observatory (South Africa). 0.25m BART is the 0.25m telescope in Astronomical Institute at
Ondr˘ejov (Czech Republic). 0.6m TELMA is the 0.6m TELescopio Malaga in Algarrobo Costa (Ma´laga, Spain). 0.7m AO is the 0.7m AS-32
telescope in Abastumani Observatory (Georgia). T100 is the 1.0m telescope in T ¨UBITAK National Observatory (Turkey). AZT-11 is the 1.25m
telecope at the SRI Crimean Astrophysical Observatory (Ukraine). 1.5m OSN is the 1.5m telescope at Observatorio de Sierra Nevada in Granada
(Spain); 3.5m CAHA is the 3.5m telescope at the German-Spanish Calar Alto Observatory in Almerı´a (Spain); GTC is the 10.4-m Gran Telescopio
Canarias in Canary Islands (Spain).
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Table 3. Log of Spectroscopic data obtained at the 10.4m GTC.
Start Time (UT) Exp Time (s) Grism Wavelength Range (Å) Slit width (”) Airmass
06-Jun 2013-22:23:50.5 1 x 450 R1000B 3,650 - 7,750 1.2 1.17
06-Jun 2013-22:32:18.1 1 x 450 R500R 4,750 - 10,300 1.2 1.15
07-Jun 2013-02:10:09.7 2 x 1,200 R2500I 7,320 - 10,100 1.0 1.05
Table 4. Flux densities measured at Plateau de Bure Interferometer.
Time (days post-burst) Flux density at 3 mm [mJy] Frequency [GHz]
3.30 1.45 ± 0.15 86.7
7.50 0.03 ± 0.13 86.7
Table 5. Spectral fitting analysis for the Swift/XRT X-ray data assuming NH (Gal) = 2 × 1020 cm−2.
Time Interval (after T0 [s] ) NH(intrinsic) [1022 cm−2] Γ FX (unabsorbed) χ2/dof
78-89 10(-5.,+6) 1.10(-0.12,+0.13) 3.25e-09(-0.24,+0.22) 42/43
115-200 4.1(-1.0,+1.1) 1.24(-0.04,+0.04) 2.10e-09(-0.06,+0.06) 241/225
200-300 8.3(-1.0,+1.0) 1.60(-0.03,+0.03) 2.61e-09(-0.05,+0.05) 324/296
300-500 3.5(-0.6,+0.7) 1.81(-0.04,+0.04) 8.88e-10(-0.22,+0.25) 285/244
78-200 5.1(-1.0,+1.1) 1.22(-0.04,+0.04) 2.85e-09(-0.08,+0.09) 261/259
500-1000 < 1.4 1.62(-0.09,+0.09) 1.07e-10(-0.12,+0.05) 24/28
1000-1e4 < 3 1.92(-0.14,+0.15) 8.4e-12(-0.7,+0.7) 26/26
1e4-3e4 < 1.1 1.87(-0.14,+0.15) 2.7e-12(-0.3,+0.3) 27/27
3e4-3e5 < 1 2.03(-0.13,+0.20) 2.9e-13(-0.4,+0.2) 10/13
500-3e5 < 0.5 1.81(-0.06,+0.07) 1.81e-12(-0.07,+0.08) 65/89
10
